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The zebraﬁsh represents a fascinating model for studying key aspects of the vertebrate circadian
timing system. Easy access to early embryonic development has made this species ideal for investi-
gating how the clock is ﬁrst established during embryogenesis. In particular, the molecular basis for
the functional development of the zebraﬁsh pineal gland has received much attention. In addition
to this dedicated clock and photoreceptor organ, and unlike the situation in mammals, the clocks in
zebraﬁsh peripheral tissues and even cell lines are entrainable by direct exposure to light thus pro-
viding unique insight into the function and evolution of the light input pathway. Finally, the small
size, low maintenance costs and high fecundity of this ﬁsh together with the availability of genetic
tools make this an attractive model for forward genetic analysis of the circadian clock. Here, we
review the work that has established the zebraﬁsh as a valuable clock model organism and highlight
the key questions that will shape the future direction of research.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
1.1. Background
An immense amount of progress has been made recently in our
understanding of the basic mechanisms and function of the verte-
brate circadian clock. The major catalysts for this progress have
been the success of the genetic dissection of the clock mechanism
in Drosophila [1] together with the fundamental similarities be-
tween vertebrate and fruit ﬂy clocks. Furthermore, by applying
powerful mouse genetics tools, detailed insight into the precise
function and organization of vertebrate circadian clock compo-
nents has been gained [2]. It is therefore not intuitively obvious
what we could gain at this point from studying the circadian clock
molecular mechanism in an alternative vertebrate model such as
the zebraﬁsh. This review attempts to give an overview on the cur-
rent knowledge that has been gathered in zebraﬁsh and show how
the biology of this model actually makes it eminently well suited to
explore the circadian clock.chemical Societies. Published by E
lkes).1.2. Zebraﬁsh as a model
The original interest in zebraﬁsh as a vertebrate model system
came not from the circadian clock – but from the ﬁeld of embryol-
ogy and developmental biology [3,4]. Several aspects of its basic
biology make it inherently ideal for these areas of study. For one,
it has small, completely transparent embryos that develop rapidly
in an egg-shell or chorion. Development from the single fertilized
cell to a moving, recognizable vertebrate embryo with a central
nervous system and most organ systems normally takes just
24 h. Furthermore, the embryos develop externally and so the
whole developmental process can be watched non-invasively in a
petri dish under the microscope. Combined with the ability to
establish transgenic lines expressing ﬂuorescent reporter genes,
the zebraﬁsh is widely regarded as an excellent model for live
imaging in vivo [5] (Fig. 1).
Another major advantage of the zebraﬁsh is its proven utility for
large-scale forward genetic screens [3,4]. Again, certain features of
its biology make it a more attractive model than mice for such
experiments. Firstly, reproduction is relatively simple to establish
in the lab. If a single pair of male and female zebraﬁsh is left to-
gether overnight in a small tank of water, soon after ‘‘lights on’’
the following morning, the ﬁsh typically lay hundreds of eggs. Sec-
ondly, the adults are hardy, small (2–3 cm long), reach sexuallsevier B.V. All rights reserved.
Fig. 1. A group of living transgenic zebraﬁsh larvae visualized with ﬂuorescence
microscopy. Three day old transgenic (aanat2:EGFP)Y8 zebraﬁsh larvae exhibit
speciﬁc EGFP expression in the pineal gland as early as 24 h post fertilization (hpf).
EGFP is expressed under the regulation of the pineal speciﬁc aanat2 promoter and
the PRDM. This line was generated in order to study the regulation of aanat2 and of
mechanisms underlying speciﬁc gene expression in the pineal gland [90]. Their
optical transparency makes early life stages of zebraﬁsh perfectly well suited for
in vivo imaging applications.
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low cost. Various protocols have now been established for muta-
genesis including the use of chemical mutagens and retroviral
insertion and also for the subsequent mapping of the mutated gene
[5].
The last few years have seen the use of zebraﬁsh expanding
from its traditional user base and being applied to study
diverse biomedically relevant aspects of biology including
behaviour and physiology [6,7]. This is primarily the result of
its low cost, its proven utility for forward genetics, the many
similarities in basic physiology between mammals and ﬁsh,
and, for the early developmental stages, fewer ethical concerns.
Furthermore, the impressive capacity of most zebraﬁsh tissues
to regenerate following injury has attracted considerable atten-
tion from research aimed at understanding and treating certain
human diseases such as heart and neurodegenerative diseases
and cancer [7,8].
1.3. Chronobiology and the zebraﬁsh
The attention of chronobiologists originally turned to zebra-
ﬁsh many years ago [9,10]. This was during the ‘‘dark ages’’ of
our knowledge of the molecular basis of the vertebrate clock.
At that stage our understanding of the workings of the Drosoph-
ila, Neurospora and cyanobacterial circadian clocks was far from
complete. Furthermore, no vertebrate circadian clock genes had
been cloned and so the nature of the molecular mechanism of
the circadian clock in vertebrates was a complete mystery. Given
the clear success of using forward genetics to identify the ﬁrst
clock mutants and genes in non-vertebrates, and the difﬁculties
to perform large scale genetic screening on mice, the zebraﬁsh
seemed an ideal model to apply in the quest to identify and
characterize the ﬁrst clock mutants in a genetically tractable ver-
tebrate species. Furthermore, given its extensive characterization
in many developmental biology studies, it held great promise as
a model to trace the origin of the circadian clock during embryo-
genesis. However, with the availability of the ﬁrst molecular
tools to study the core circadian clock, it soon became apparent
that zebraﬁsh offered many more advantages. Notably, theperipheral clocks of this species are directly entrainable by light
[11]. This contrasts with the situation in mammals but resem-
bles the peripheral clocks of Drosophila [12]. This direct light
sensing property was also encountered in cell lines derived from
zebraﬁsh embryos [11].
Another major attraction of the zebraﬁsh relates to its pineal
gland. In mammals, light input to the clock is perceived uniquely
by a subset of intrinsically photosensitive retinal ganglion cells in
the eye. This photic information reaches the central oscillator in
the suprachiasmatic nucleus (SCN) via the retinohypothalamic
tract, induces transcriptional changes in clock genes (e.g., period1
and period2), and so synchronizes rhythmic neuronal activity
[13,14]. Signals from the SCN then regulate the activity of many
other targets, including melatonin synthesis in the pineal gland
[15]. In non-mammalian vertebrates, including zebraﬁsh, the
pineal gland contains all elements required for photic entrain-
ment and circadian rhythm generation: it is photoreceptive and
contains an intrinsic circadian oscillator [16,17]. Fish pineal cells
are classical photoreceptor cells with structural and functional
similarities to retinal photoreceptors. Pineal and retinal photore-
ceptor cells share a similar set of genes, or, in certain cases, par-
alogs [18]. The ﬁsh pineal contains an intrinsic circadian clock
that drives rhythmic synthesis of the hormone melatonin. Mela-
tonin levels are high at night and low during the day as a result
of regulated transcription and stability of serotonin-N-acetyl-
transferase (AANAT), the key enzyme for melatonin synthesis.
Zebraﬁsh, like other teleosts have two aanat genes: aanat1 that
is expressed predominantly in the retina and aanat2 that is ex-
pressed in the pineal gland and to a limited extent in the retina
[18,19]. Activity of this enzyme is dictated by the circadian clock
and also shows a rapid suppression in response to illumination
during the night [20,21]. Thus the pineal gland is considered to
serve as central pacemaker: transducing environmental light
information into a neural and a neuroendocrine signal. Many
studies now focus on identifying the control mechanisms direct-
ing the ﬁrst appearance of rhythmic melatonin synthesis during
development, its regulation by the clock and light as well as
pineal-speciﬁc patterns of gene expression.2. Clock genes in zebraﬁsh
2.1. The circadian clock mechanism in vertebrates
There are many fundamental similarities between the
well-studied Drosophila circadian clock and the vertebrate clock
mechanism (see Fig. 2) [1,2]. At the core of both clocks is a
transcription-translation feedback loop that cycles in a period of
approximately 24 h [22,23]. More speciﬁcally, in the case of verte-
brates this regulatory loop consists of positive elements (Clock and
Bmal) that drive the expression of negative elements (Period (Per)
and Cryptochrome (Cry)) that in turn feedback to down-regulate
their own expression and so allow the start of a new cycle of the
feedback loop. The bHLH PAS domain transcription activators Clock
and Bmal bind as heterodimers to E box elements located in the
promoters of the per and cry genes and thereby induce their
transcription. After translation, dimerization and translocation to
the nucleus, the Per and Cry proteins physically interact with and
thereby inhibit the transcriptional activation driven by the
Clock:Bmal complex.
Control of translation, post-translational modiﬁcations, stabil-
ity, turn over and sub-cellular localization all contribute to timing
this feedback loop. Furthermore, the existence of an additional
feedback loop that directs the rhythmic expression of the Bmal
transcript tends to confer robustness and stability on the core loop
[24].
Fig. 2. Current model of the circadian clock molecular mechanism in zebraﬁsh. The ‘‘Core’’ feedback loop (involving Clock and Bmal heterodimers driving rhythmic
expression of the Period (Per) and Cryptochrome (Cry) genes) together with the ‘‘Stabilizing’’ feedback loop (where Rev-Erba and Rora direct rhythmic expression of the Clock
and Bmal genes) closely resembles the organization of the mouse circadian clock [2]. However, multiple copies of the Clock, Bmal, Per and Cry genes in the zebraﬁsh result in
more complex pools of regulatory factors. Importantly, light-induced expression of the clock genes Cry1a and Per2 provides a mechanism for light to directly modulate the
Per and Cry protein pool and thus the function of the clock [27,60]. The expression and function of the D box-binding factor TEF is regulated by light and thereby TEF directs
light-induced clock gene expression [60,71]. The precise nature of the clock photoreceptor(s) upstream of TEF however remains unclear. Opsins, a cryptochrome homolog
(Cry4) as well as phototransducing ﬂavin-containing oxidases, have all being implicated as potential circadian clock photoreceptors [26,53,57].
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anism is the presence of extra copies of the key clock genes. Thus,
the single clock gene in Drosophila (dclock) is represented by clock
and npas2 in mammals while Cycle is the Drosophila homolog of
mammalian bmal1 and 2. Furthermore, the dper gene corresponds
to three mammalian per gene homologs: per 1, 2 and 3 and the dcry
gene to two mammalian cry homologs: cry1 and 2 [22]. This situa-
tion is even more complex in ﬁsh. A genome duplication event that
occurred during the evolution of the teleost lineage has lead to a
situation where for many vertebrate genes there are extra gene
copies in zebraﬁsh compared to the mouse [25]. In some cases,
duplicated gene copies have subsequently been lost during evolu-
tion however in many cases, the extra copies do persist. This may
reﬂect redundancy with one function being shared by the extra
genes. Alternatively the duplicated genes diverge in function and
thenmultiple functions performed by the original gene may be dis-
tributed amongst the ‘‘more specialized’’ copies.
2.2. Multiple zebraﬁsh clock genes
The presence of multiple clock genes in zebraﬁsh soon became
apparent with the description of the cry genes in this species and
subsequently the clock, bmal and per genes (see Fig. 2 and Table 1).
Six cry genes were identiﬁed: cry1a, 1b, 2a, 2b, 3 and 4 [26]. Cry1a,
1b, 2a and 2b share most sequence homology with mammalian
mcry genes and also functional testing conﬁrmed their ability to re-
press Clock:Bmal-directed transcriptional activation. Interestingly,
the remaining two Cry proteins, Cry3 and Cry4 do not repress Clock
and Bmal activation. While Cry3 does share sequence similarity
with the mammalian Crys, Cry4 more closely resembles DrosophilaCry. In Drosophila, Cry acts as a blue light photoreceptor and inter-
acts with Timeless (Tim) that in turn binds to Per and acts as a
transcription repressor. The role of Cry as a photoreceptor in Dro-
sophila has lead to some speculation that zebraﬁsh Cry4 might
function as a photoreceptor (see Section 4.2). As well as the diver-
gence of function and sequence, the rhythmic expression pattern of
the various cry genes varies [26]. Thus, cry3 peaks during the morn-
ing, cry1a, 1b and 4 show peaks of expression during the middle of
the light phase, and cry2a and 2b peak during the evening. Cry1a
shows a light-driven pattern of expression, while the remaining
cry genes are predominantly clock regulated. Indeed, the light-in-
duced expression of cry1a appears to represent a key element of
the mechanism underlying entrainment by light and the mainte-
nance of high amplitude cycling (Fig. 2) [27]. These functions result
from the ability of Cry1a to interact with key regions of the Clock
and Bmal activators, thus preventing their heterodimerization
and hindering their ability to transactivate from E box enhancer
elements [27]. Together, these observations point to divergent
functions for the various cry genes. Subsequently, 3 clock genes
(clock 1a, 1b and 2 formerly identiﬁed as clock1, 2 and 3, respec-
tively) and 3 bmal genes (bmal1a, 1b and 2, formerly identiﬁed as
bmal 1, 3 and 2, respectively) have been identiﬁed and have been
show to interact pair-wise in various heterodimeric combinations
[28–31]. These heterodimers show different transactivation prop-
erties and differences in the efﬁciency whereby they are inhibited
by Crys such as Cry1a. With the per genes, the situation is also
complex, with two per1 homologs (per1a and 1b) together with sin-
gle per2 and per3 genes that exhibit different spatial expression
patterns [32]. Furthermore, while per2 is a light-driven gene, the
remaining per genes are predominantly clock regulated. Per2 in
Table 1
Summary of the most recent nomenclature for zebraﬁsh clock genes as well as key information for each gene.











mbmal1 [31] NM_178300 Heterodimerizes with Clock
bmal2 bmal2,
arntl2
mbmal1 [36] NM_131578 Heterodimerizes with Clock. Isolated by a yeast two hybrid system as a partner of
Clock1a
clock1a clock1 mclock [35] NM_130957 The ﬁrst clock-gene to be cloned in zebraﬁsh




cry1a mcry1 [26] NM_001077297 A light-induced gene. Represses Clock:Bmal activation
cry1b mcry1 [26] NM_131790 Represses Clock:Bmal activation
cry2a mcry1 [26] NM_131791 Represses Clock:Bmal activation
cry2b mcry1 [26] NM_131792 Represses Clock:Bmal activation
cry3 mcry [26] NM_131786 Does not repress Clock:Bmal activation
cry4 dcry [26] NM_131787 Does not repress Clock:Bmal activation. Suggested to function as a photoreceptor
per1a per1 mper1 [91] NM_001030183
per1b per4 mper1 [50] NM_212439 Repressed by light in zebraﬁsh cells. CLOCK is essential for its transcriptional
regulation
per2 per2 mper2 [74] NM_182857 A light-induced gene. Necessary for the onset of the circadian clock
per3 per3 mper3 [72] NM_131584
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as an element of the light input pathway as well as playing an
important role in the early development of the pineal clock during
embryogenesis [27,30,33,34]. Thus, as in the case of the crys, com-
bined evidence seems to point to specialization of function for the
various period genes. The expression pattern of the ﬁrst clock gene
to be cloned in zebraﬁsh, clock1a, also provided the ﬁrst indications
of signiﬁcant differences in the organization of the core transcrip-
tion-translation feedback loop in zebraﬁsh compared with mouse
[35]. Expression of clock1a in all tissues tested (with the exception
of testis) showed a robust rhythm with a peak just after the light-
dark transition. A similar pattern was observed for the other zebra-
ﬁsh clock and bmal gene family members [36]. This contrasts with
the situation in mammals where bmal but not clock shows rhyth-
mic mRNA expression [37]. Interestingly, the expansion of the
number of clock genes and apparent increased specialization of
individual clock gene function in ﬁsh is reminiscent of the situation
for the Pseudo-Response Regulator (PRR) clock gene family in
plants [38].3. Forward genetics
3.1. How to screen for clock mutants in zebraﬁsh?
Many large-scale genetic screens have been successfully per-
formed using zebraﬁsh. Protocols involving the use of either chem-
ical mutagens or retroviral insertional mutagenesis are routinely
used to generate large panels of mutant ﬁsh [5]. The initial crucial
step is to establish a robust assay that can be deployed on a large
scale to identify speciﬁc mutant phenotypes. Thus, the very ﬁrst
studies of circadian biology of the zebraﬁsh were largely intended
to establish such an assay that could be used for the purposes of
large-scale screening for clock mutants. Logically, the ﬁrst investi-
gations focused on locomotor activity that had been so successfully
exploited as a circadian clock output in Drosophila and rodents.
Monitoring systems based on infra-red beams were used in tanks.
However, it became apparent that for isolated adult ﬁsh, these
rhythms were far from robust and there was signiﬁcant variability
even amongst populations of wild type ﬁsh [9,39]. In contrast,
locomotor activity in larvae proved to be a far more robust clockassay. Individual larvae were placed in 24 well plates and then
an automated video analysis system was used to document swim-
ming activity. The larvae showed a robust diurnal activity pattern
and there was far less inter-individual variability from a similar ge-
netic background than had been seen in the adults [39,40]. Indeed
this assay was then successfully used in large-scale screen for clock
mutant zebraﬁsh [41].
An alternative clock output investigated as a potential pheno-
type for genetic screening is the release of melatonin. In developing
embryos under a light/dark (LD) cycle, melatonin release is ﬁrst de-
tected around 24 h post fertilization (hpf), together with the
expression of aanat [19,42]. It therefore represents one of the ﬁrst
detectable clock outputs during development. It was proposed that
either by measuring aanat expression or detecting melatonin re-
leased from individual embryos, this clock output could potentially
serve as a convenient basis for genetic screening. In addition, adult
pineal glands continue to rhythmically synthesise melatonin in
culture in a light and clock-dependent manner. Using a ﬂow
through culture system and an automated fraction collection sys-
tem it was possible to automatically and accurately measure circa-
dian rhythms of melatonin release from individual adult zebraﬁsh
pineal glands [10,43]. Although not necessarily suitable for large-
scale analysis, this accurate approach was applied to further ana-
lyze the effect of mutations on another output of the clock.
Alternative approaches have been envisaged with the genera-
tion of the ﬁrst transgenic lines where luciferase reporter gene
activity is driven by a clock-regulated promoter [44]. Addition of
luciferin to the water is sufﬁcient for the production of a biolumi-
nescent signal that can be measured in a scintillation counter or
camera based assay. Furthermore, the embryos and larvae can sur-
vive in the small volume of medium that can be contained in a 96
well plate. This approach has been applied successfully in other
models such as Drosophila and Arabidopsis, and offers the alterna-
tive possibility for more rapid automated screening [45].
Having identiﬁed a clock mutant phenotype, the next stage is to
pinpoint the location of the mutated genetic locus. In zebraﬁsh,
these subsequent ‘‘mapping’’ steps require crossing of the mutant
into another genetic background displaying signiﬁcant polymor-
phism relative to the strain where the original mutagenesis was
performed. Subsequent segregation of the mutant phenotype with
polymorphic, microsatellite markers is used as a way to map the
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mapping to a particular subregion or locus [5]. Classically this kind
of approach is straight-forward in the case of clearly scorable phe-
notypes that are visible as anatomical abnormality in the embryo
[4]. However a behavioural assay such as that used for identifying
clock mutants makes the whole mapping process much more labo-
rious especially in situations where the effect on the clock rhythm
may be relatively subtle.
3.2. Clock mutant zebraﬁsh
To date, one major forward genetic screen has been performed
where the equivalent of 6500 mutagenesized genomes were
screened for dominant mutations affecting circadian rhythms of
locomotor activity [41]. Eight homozygous viable, semi dominant
mutants were subsequently identiﬁed. In one mutant that was
identiﬁed by virtue of a shortening of the free running circadian
period, an isoleucine to asparagine mutation was identiﬁed in
the PAS domain of clock1a. This mutation appears to enhance the
Clock-mediated transcriptional transactivation compared with
the wild type protein [46]. Another mutant termed lager and lime
(lag(dg2)) (Cockney slang for time!) was also characterized by a
shortening of the circadian free running period (by 0.7 h in hetero-
zygotes and 1.3 h in homozygotes) [41]. This mutation affects not
only the locomotor activity rhythm but also the melatonin produc-
tion rhythm of the pineal gland as well as the sensitivity of this
rhythm to changes in temperature. Although the precise identity
of the mutated gene has yet to be determined, the mutation maps
to chromosome 7 and does not affect any of the known clock genes
[41]. This suggests that this unbiased forward genetics approach
still holds the promise of being able to identify new elements in
the vertebrate clock mechanism.
4. Light entrainable peripheral clocks
4.1. Vertebrate tissues detect light
The cloning of the ﬁrst mouse clock gene clock by Joe Takahash-
i’s group was a milestone for the vertebrate circadian clock ﬁeld
[47]. Its function as a transcription factor and its similarity with
the Drosophila gene clock in many ways set the stage for unravel-
ling the clock mechanisms of both vertebrates and Drosophila.
For the zebraﬁsh this was also an important step since the zebra-
ﬁsh homolog of clock became the ﬁrst tool to study the organiza-
tion of the circadian timing system in this ﬁsh species [35]. The
analysis of temporal changes in clock expression in various zebra-
ﬁsh tissues in vivo lead to the conclusion that cycling clock gene
expression was a property of most organs and tissues. Further-
more, these rhythms persisted in organs that were explanted into
primary cultures showing that they were not ‘‘driven’’ by systemic
cues – but were actually generated by self sustaining, independent
‘‘peripheral’’ circadian oscillators [35]. This conclusion was entirely
consistent with the ﬁrst results from the mouse and also Drosophila
pointing to the existence of peripheral clocks [12,48]. The big sur-
prise came when in a subsequent study, these organ cultures were
exposed to various LD cycles [11]. Remarkably the peripheral
clocks were sustained and entrained by the LD cycle, leading to
the conclusion that in this vertebrate, tissues such as the heart
and kidney were directly photosensitive. Later, directly light-
entrainable clocks were even observed in zebraﬁsh cell lines [11].
Thus instead of acute changes in culture medium conditions such
as serum shocks [49], clocks could be entrained in the zebraﬁsh cell
cultures non-invasively by exposure to a natural signal: Light [50].
Rhythms that have been established in zebraﬁsh cell cultures
subsequently slowly dampen when the cells are transferred to
constant darkness. Using single cell imaging of bioluminescentreporter cell lines, this dampening has been shown to result from
a progressive desynchronization of the inaccurate single cell clocks
[51]. After extended periods in constant darkness, the cells display
widely distributed phases and also marked stochastic ﬂuctuations
in free running period. Light exposure serves not only to reset the
phase and thereby synchronize the single cell oscillators but also to
stabilize the period length [51]. The mechanism explaining why
depriving the zebraﬁsh peripheral clocks of light results in
progressively stochastic clock properties remains unclear. Evi-
dence obtained from a study of per3::luc transgenic ﬁsh revealed
signiﬁcant tissue-speciﬁc differences in peripheral clock properties
[52]. Clock parameters such as free running period length, phase,
light response and temperature compensation all vary from tissue
to tissue, possibly reﬂecting differential expression patterns of
members of the various clock gene families.
4.2. Peripheral photoreceptors
All these ﬁndings raise fundamental questions: What is or are
the widely expressed photoreceptors and how do they signal to
the clock? Do central pacemakers in the ﬁsh coordinate the periph-
eral clocks as they do in mammals and what is the underlying
mechanism?
The nature of the peripheral photoreceptor remains elusive.
Three possible candidates have been proposed (see Fig. 2): (1) Ex-
tra retinal opsins. In teleosts and other non-mammalian verte-
brates there is a group of opsin-like genes that are expressed
widely outside the retina. For example, Teleost Multiple Tissue
(TMT) opsin is expressed in the central nervous system, most
peripheral tissues and even in the zebraﬁsh cell lines [53]. How-
ever to date, apart from sequence homology and its expression pat-
tern, there is no functional data conﬁrming that TMT opsin serves
as a photoreceptor. This is in contrast to the functionally character-
ized exorhodopsin that appears to act as a photoreceptor regulat-
ing gene expression in the pineal gland and in turn the rhythmic
production of melatonin [54]. (2) Crys. The argument for Crys being
involved is based on several lines of evidence: The role played by
Cry in photoreception by lateral neurons in Drosophila [55], and
the fact that one of the zebraﬁsh cry homologs (cry4) shares closer
sequence similarity with Drosophila cry than the cry1 and cry2
homologs [26]. In addition, one report claimed the involvement
of blue light wavelengths and retinol independent photopigments
in the upregulation of per2 mRNA expression by light [56]. These
observations would be consistent with the involvement of a Cry
photoreceptor. (3) A third model implicates the production of
hydrogen peroxide by a phototransducing ﬂavin-containing oxi-
dase. This hypothesis stems from the observation that light triggers
increases in intracellular levels of hydrogen peroxide in the
zebraﬁsh Z3 cell line [57]. It has been proposed that light-activated
enzymes such as ﬂavin-containing oxidases may trigger accumula-
tion of H2O2 in the Z3 cells upon exposure to violet–blue wave-
lengths of light. This then results in activation of the MAPK
signalling pathway that in turn drives light-dependent activation
of genes such as cry1a and per2. Light was also shown to induce
catalase expression that is then predicted to serve to down-regu-
late the light response [57]. Of course, a fourth possibility is the
involvement of not one but a combination of separate photorecep-
tor systems.
4.3. Light responsive gene expression
How does the light-activated photoreceptor(s) signal in the
cell? Several reports have documented light-dependent activation
of the MAPK signalling pathway. Transient increases in pERK and
pMEK levels have been documented within 30 min of exposing
zebraﬁsh cell lines to light [56–58]. This result resembles the
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layed by the retino-hypothalamic tract (RHT) trigger NMDA recep-
tor activation and thereby activate the MAPK pathway in SCN
neurons. In turn, phosphorylation of the transcriptional activator,
CREB (cAMP responsive element binding protein) as well as chro-
matin remodelling events has been proposed to represent key
steps in the light-induced activation of the per1 and 2 genes and
then the subsequent resetting of the phase of the mouse clock [59].
In the zebraﬁsh, downstream of the photoreceptor, and its cou-
pled signalling pathways, light exposure triggers induction of a set
of clock genes (per2 and cry1a) in most tissues and also in cell lines
[27,56]. Given the role of these genes in the core clock mechanism,
it has been predicted that this light-driven transcriptional induc-
tion is a key part of the mechanism for entraining the clock. There-
fore much attention has been focused on the transcriptional
control mechanisms of these genes and how they are regulated
by light-triggered intracellular signalling pathways. One recent re-
port has documented the results of a systematic promoter analysis
of the zebraﬁsh per2 gene making use of transfected zebraﬁsh cell
lines as well as transient expression in vivo and transgenic lines of
ﬁsh [60] (Fig. 3). This work identiﬁed a Light Responsive Module
(LRM), consisting of closely spaced E and D box elements. This
module is located in proximity to the transcription start site and
is critical for light-driven rhythmic per2 expression. Furthermore,
this study revealed that D box elements function as light-driven
enhancers in zebraﬁsh cells. One particular D box binding tran-
scription factor, Tef (thyrotrope embryonic factor) was shown to
be a key player in mediating this light-driven transcription [60].
In a subsequent work, eleven additional D box binding factors were
identiﬁed in zebraﬁsh. Interestingly, the expression of nine of these
factors is enhanced in the pineal gland implying their involvement
in the zebraﬁsh circadian clock mechanism [61]. Previous studies
in mice have implicated D box binding factors in clock output path-
ways, mediating clock control of downstream target genes [62,63].
There is also evidence that these factors can feedback on the func-
tion of elements of the clock itself for example by regulating tran-
scription of per genes [64]. This work in the zebraﬁsh now places
these D box-binding factors in light input pathways, pointing to
them being tightly coupled with circadian clock function. In sup-
port of this conclusion, the D box in the zebraﬁsh per2 promoter to-
gether with its proximal E box are highly conserved in the per2Fig. 3. Transient expression of EGFP under the control of the per2 promoter in a live
4 days old larva. With the aim of identifying and functionally analysing the per2
promoter, a construct containing EGFP under the regulation of the per2 promoter
was microinjected into 1-cell stage embryos. EGFP is expressed throughout the
body consistent with the widespread expression of per2 previously described by
in situ hybridization analyses [60].promoters of other vertebrate species such as rat, mouse and hu-
man – species lacking directly light entrainable peripheral clocks
[60]. What the role of the LRM is in systems where cells are not
directly light entrainable, is therefore an important question. Inter-
estingly, recent research in Soay sheep indicate that photoperiodic
regulation of Thyrotropin beta-subunit (Tshb) in the pituitary
gland is mediated by TEF/D box complexes [65]. These observa-
tions suggest that during the course of evolution, ancestral light-
responsive mechanisms may have been subverted to signals other
than light.
Another important open question relates to whether the same
regulatory mechanisms identiﬁed in the case of per2 might also
control the other light-driven clock gene cry1a. As in the case of
per2, the MAPK pathway has been implicated in the induction of
cry1a [58]. Furthermore, the persistence of rapidly damping rhyth-
mic expression for cry1a and per2 following transfer from LD to
constant conditions points to an element of clock regulation for
both genes [27,60]. However, in the case of cry1a there is some
uncertainty as to whether this involves a Clock:Bmal-dependent
mechanism [27,66]. Another study has also pointed to the involve-
ment of AP1 enhancer elements in directing light-induced cry1a
expression [67]. Additionally, light response of cry1a is sensitive
to cyclohexamide treatment while light-induction of per2 is not
[67]. Thus it seems likely that multiple control elements contribute
to light-driven clock gene expression, and that they operate in a
gene promoter-speciﬁc manner.
Importantly, there are several clues that light-driven gene
expression in zebraﬁsh cells is not restricted to elements of the cir-
cadian clock. Speciﬁcally, light-induced gene expression also seems
to contribute to the cellular response to UV damaged DNA. The
gene encoding the DNA repair enzyme 6–4 DNA photolyase, a close
relative of the Cry protein family is also a light-inducible gene [68].
In addition, light is a prerequisite for the catalytic activity of this
enzyme [69]. Evidence points to a similar mechanism directing
both cry1a and 6–4 DNA photolyase light-driven mRNA expression
[58]. Consistently, exposure to light appears to enhance the sur-
vival both in zebraﬁsh larvae and cell lines when they are chal-
lenged by exposure to UV radiation [58,68]. Furthermore, two
recent reports documenting light-induced changes in the zebraﬁsh
transcriptome, have conﬁrmed that the expression of several genes
involved in the repair of UV-damaged DNA is directly induced
upon exposure to light [70,71]. These studies also point to many
other aspects of cell biology being inﬂuenced by light-induced
gene expression in zebraﬁsh [70,71].5. Origin of clocks during development
One fundamental issue concerns when and how the clock is
established during development in vertebrates. Simply by avoiding
the problems of accessing embryos in utero in mammals, and its
superiority for live imaging studies, the zebraﬁsh is particularly
well placed to serve as a model to address this issue. While one
early report claimed that the clock was maternally inherited, with
a phase set by the mother, subsequent reports failed to conﬁrm
these ﬁndings [72,73]. Although clock gene transcripts are cer-
tainly components of the pool of maternally inherited transcripts
that are typically required for the very ﬁrst stages of embryonic
development, the functional signiﬁcance of these clock transcripts
is still unclear [74]. The earliest detectable circadian rhythms in the
developing embryo are rhythms of clock gene expression detect-
able in the entire embryo as well as melatonin synthesis and
aanat2 expression in the pineal gland [19,42,73].
The establishment of circadian rhythms as measured by several
clock outputs clearly requires exposure to environmental zeitge-
bers such as light and temperature changes. In embryos raised
Fig. 4. Day-night rhythms of the number of S phase nuclei in the whole skin (a)
heart (b) and gut (c) from 5 days old zebraﬁsh larvae. After being raised under light-
dark cycles, larvae were incubated with the thymidine analog, bromodeoxyuridine
(BrdU) either at ZT9 (left hand panels) or ZT21 (right hand panels) for 15 minutes.
Subsequently, larvae were ﬁxed, micro-dissected and then stained with an antiBrdU
antibody. Nuclei undergoing DNA replication (S phase of the cell cycle) incorporate
BrdU and are stained blue. In all tissues, considerably more S phase positive nuclei
are visible at ZT9 than at ZT21 [75].
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no circadian rhythms are observed at the whole animal level. The
precise lighting conditions required for the emergence of rhythmic
clock outputs have been explored extensively. Interestingly, these
seem to vary depending upon the clock output that is studied.
Thus, for example, both locomotor activity rhythms and cell cycle
rhythms require exposure of the embryos to 4 LD cycles while 5–
6 LD cycles are required for the establishment of robust, rhythmic
per3 expression as assayed in embryos from the per3::luc trans-
genic line [40,44,75]. In contrast, rhythmic per1b expression is de-
tected even during the ﬁrst day under LD cycle conditions at the
whole embryo level [73] and furthermore, the presence of a single
light-to-dark or dark-to-light transition is sufﬁcient to establish
and set the phase of rhythmic aanat2 expression and melatonin
synthesis [34,76]. These different requirements may well reﬂect
differences in the maturation of entrainment of peripheral and
central pacemakers.
Light pulses delivered as early as the blastula stage up to early
segmentation stages (4-16hpf), before any classical photoreceptor
organ appears, is sufﬁcient to set the phase of the central oscillator
in the pineal gland 2–3 days later [33]. Thus, clearly light can be
detected by non-specialized photoreceptor cells and then this pho-
tic information must be preserved through the subsequent rapid
cell proliferation and differentiation of this stage of embryogenesis.
Interestingly, exposure to light only following the so-called mid-
blastula transition (MBT) is effective at setting the phase of these
pineal gland rhythms [33]. Given that this represents the step
where zygotic transcription is initiated, this suggests that regula-
tion of transcription may well be a critical step in the light re-
sponse. Consistent with this prediction, light-induced increases
in the mRNA expression of per2 and 6–4 DNA photolyase have been
detected as early as at the blastula and gastrula stages [68]. Fur-
thermore, knock down of per2 expression (by injection of 1 cell
stage embryos with morpholino-modiﬁed anti-sense oligonucleo-
tides that block either translation initiation or correct splicing of
the per2 transcript) abolished the effects of early light exposure
on the pineal [33]. Given the key role for the mouse per2 homolog
in the entrainment of the clock by light [77,78], this points to the
light-induced transcription of the zebraﬁsh per2 gene being a crit-
ical step in the maturation of the clock during embryogenesis
[33,34].
Theoretically, the lack of rhythmicity observed in embryos
raised under constant conditions could be explained by the pres-
ence of normal clocks in each cell, which are asynchronous with re-
spect to each other. Alternatively this could result from lack of
clock function even at the single cell level. One study has recently
addressed this issue directly by investigating the regulation of
per1b expression during early embryogenesis [73]. In their study,
Dekens and Whitmore showed that while rhythmic per1b expres-
sion was detected even on the ﬁrst day of development under LD
cycle conditions, no rhythms were detected under constant dark-
ness. They then analyzed per1b expression at the single cell level
in one-day-old embryos maintained in constant darkness using
ﬂuorescent in situ hybridization. This approach revealed oscilla-
tions in per1b expression in single cells that were asynchronous
in the embryo indicating that even in the absence of light dark cy-
cles, circadian clocks do start ticking at the single cell level. How-
ever, as a result of the inaccuracy and stochastic nature of single
cell clocks, embryos that are kept in constant darkness do not ex-
hibit any clock outputs [51].
Induction of per1b expression requires the presence of the
Clock:Bmal heterodimer. Interestingly, while both clock and bmal
genes show rhythmic expression at the mRNA level in adult tis-
sues, this expression is absent in the early embryonic stages.
Rhythmic clock and bmal mRNA expression as measured in entire
embryo RNA extracts ﬁrst emerges around day4 / day5 coincidentwith the appearance of other key clock outputs such as the control
of cell cycle and locomotor activity rhythms [40,73,75]. Thus there
would appear to be fundamental changes in the regulatory mech-
anisms underlying the core clock mechanism during development.
Furthermore, very early key steps during development are not only
the establishment of the clock at the single cell level, but also the
synchronization of these multiple cell clocks in the organism by
zeitgebers such as light.
6. Zebraﬁsh clock outputs
The presence of circadian clock function so early in develop-
ment begs the question as to what its function might be at this
stage. One important highly conserved clock output is the regula-
tion of the timing of cell proliferation. Is there evidence that the
clock might be involved in timing the cell divisions during develop-
ment? The zebraﬁsh is a powerful model to address this question.
6.1. Cell autonomous circadian cell cycle control
By using the incorporation of the thymidine analogue, Bromo-
deoxyuridine (BrdU), as a marker of replicating DNA of cell nuclei
undergoing S phase, a high amplitude (15–20-fold) rhythm in the
number of S phase nuclei was visualized in the skin of 5 days old
larvae raised in a LD cycle, with a peak around the end of the light
period and a trough 12 h later at the end of the dark period (Fig. 4)
[75]. Similar high amplitude rhythms were encountered in the gut
epithelium while lower amplitude rhythms are encountered in
internal organs such as the heart (Fig. 4). These results indicate
that this property may be speciﬁc for tissues naturally showing
high levels of cell turnover. These rhythms persist when the en-
trained larvae are transferred from LD to constant darkness and
are absent in larvae that were raised in constant darkness and
are not entrained [75]. When do these rhythms ﬁrst emerge?
Rhythmic S phase is ﬁrst encountered 4 days post fertilization at
the time the larvae hatch (at 25 C) [75]. Accelerating the rate of
development by raising the temperature does not alter the timing
of appearance of this rhythm – strongly implicating the number of
LD cycles and not the developmental stage of the larvae as a
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3 days of embryonic development, the period involving the most
rapid and extensive cell proliferation and tissue morphogenesis,
no circadian rhythms of S phase are evident. Furthermore, the abil-
ity of larvae to develop perfectly normally when maintained in DD
conditions points to these rhythms being dispensable for normal
growth and development in the laboratory environment.
Zebraﬁsh cell cultures exposed to light/dark cycles also dis-
played circadian rhythms in S phase that persisted following trans-
fer to constant conditions [75]. This observation suggests that at
least in part this represents a cell autonomous regulation. In mouse
studies of the timing of hepatocyte proliferation that follows par-
tial hepatectomy revealed that hepatocytes are restricted by the
circadian clock to pass through the G2/M checkpoint of the cell cy-
cle preferentially only at certain times of day [79]. Speciﬁcally,
mRNA expression of the key checkpoint control kinase, wee1 ap-
pears to be regulated by the core clock components, the Clock:-
Bmal heterodimer, which can bind to E box elements located in
the promoter regions of the wee1 gene. The Wee1 kinase in turn
phosphorylates and inactivates Cdc2 kinase, a key regulator of cell
cycle [79]. Interestingly, in an independent study of the regulation
of the zebraﬁsh homologue of the wee1 kinase gene, besides E box
elements, AP-1 binding sites were also identiﬁed and were impli-
cated in mediating light-driven expression [67]. This result would
tend to implicate direct light exposure in regulating the timing of
cell cycle in the zebraﬁsh.
6.2. Systemic cell cycle control mechanisms
Is cell autonomous regulation by light and/or the clock sufﬁ-
cient to explain cell cycle rhythms at the whole animal level? This
question has been addressed by studying panels of zebraﬁsh mu-
tants, showing abnormal development of a wide range of tissues
and structures. These mutants represent powerful tools to dissect
the contribution of speciﬁc organs and tissues to the generation
of clock outputs at the whole animal level.
In this study the contribution of the visual system as well as the
hypothalamic-pituitary axis to the control of circadian cell cycle
rhythms was explored [80]. In lakritz mutants, that lack the retinal
ganglion cell layer and are functionally blind, normal circadian cell
cycle rhythms were still evident. This result would suggest that
peripheral clocks and their regulatory targets in zebraﬁsh are en-
trained locally by direct exposure to light. However, a study of
functionally blind, eyeless mutants that result from mutant alleles
of the chokh/rx3 gene revealed a more complex situation. These
mutants displayed a severe attenuation of these cell cycle rhythms.
Detailed characterization of these mutants revealed also an ab-
sence of pomc expressing cells of the corticotrope lineage in the
anterior pituitary and arcuate nucleus. Consistently, in a panel of
pituitary mutants that were deﬁcient in various cell types within
the developing pituitary gland, loss of corticotrope cells was con-
sistently associated with a loss of cell cycle rhythms. Subsequently
it was conﬁrmed that deﬁciency of the corticotrope lineage in all
these mutants was associated with a considerable reduction in cir-
culating cortisol levels. Furthermore, normal cell cycle rhythms
could be ‘‘rescued’’ by raising these mutant larvae in the presence
of the glucocorticoid agonist dexamethasone. Circulating levels of
glucocorticoids show a characteristic circadian rhythm that has
previously been implicated in the entrainment of mammalian
peripheral clocks in vivo [81]. Furthermore, in mammalian cell cul-
tures, transient dexamethasone treatment synchronizes rhythms
of clock gene expression [82]. Based on these observations, gluco-
corticoids have been implicated as signals conveying timing infor-
mation from the SCN pacemaker to the peripheral oscillators.
The results in the zebraﬁsh point to the glucocorticoid signaling
pathway being important for the regulation of circadian cell cyclerhythms. However, the fact that tonic levels of dexamethasone res-
cue cell cycle rhythms in corticotrope deﬁcient mutants would
tend to argue that the natural rhythmic proﬁle of cortisol secretion
is not necessary for its support of cell cycle rhythms.
6.3. The pineal gland clock
Another ﬁeld of interest relates to clock function in the pineal
gland. Given the role as a central clock structure and its central
function in the neuroendocrine axis, it is a logical focus of studies
aiming to characterize clock output pathways. Key issues include
the regulatory mechanisms controlling expression of the aanat2
gene and thus determining the rate of pineal melatonin synthesis,
as well as the mechanisms conferring pineal gland-speciﬁc gene
expression and also how light exposure acutely modulates melato-
nin synthesis. Promoter studies using a transient transgenic repor-
ter assay as well as transfection of the Pac-2 cell line has identiﬁed
a cluster of enhancer elements lying downstream of the aanat2
gene that was termed the PRDM (pineal-restrictive downstream
module) [83] (Fig. 1). This included three photoreceptor conserved
elements (PCEs) and an E box. The E box confers clock regulation
by interacting with Clock:Bmal heterodimers, while the PCEs are
a target for the homeobox gene, Otx5 and thereby determine pine-
al speciﬁc expression [21]. These factors appear to interact syner-
gistically [84] demonstrating how the clock mechanism may
interact with other developmental and cellular processes. More re-
cently, bioinformatic analysis of the promoters of pineal-enhanced
genes that were found using DNA microarrays indicates that addi-
tional mechanisms and enhancer sequences regulate the expres-
sion of pineal-speciﬁc genes [85].7. Future perspectives
Clearly great progress has been made over the past decade in
our understanding of the workings of the zebraﬁsh clock. The zeb-
raﬁsh offers a set of tools and unique biological properties that
make it a preferable model to address many aspects of circadian
clock biology. In particular, it has provided unique insight into
the mechanism of light entrainment, the origins of circadian clock
function during development as well as the function of peripheral
clocks. The impressive conservation of basic clock mechanisms
from Drosophila to vertebrates makes these zebraﬁsh results of
great relevance for our general understanding of the workings of
the vertebrate circadian clock. The imminent availability of a com-
plete genome sequence for zebraﬁsh together with advances in
‘‘deep sequencing’’ technology and molecular genetic techniques
for generating transgenic animals and analyzing gene function
promise to facilitate genetic analysis and thus further increase
the attraction of using this model for more reﬁned dissection of
key aspects of the clock mechanism.
One important area for future investigation is how the circadian
clock is entrained by zeitgebers other than light. The zebraﬁsh is
particularly well suited for studying the entrainment of the clock
by temperature changes because it is a poikilotherm and therefore
its core body temperature is more strongly inﬂuenced by the envi-
ronment than in homeotherms such as the mouse. Furthermore,
relatively small shifts in temperature (±2 C) are sufﬁcient to en-
train zebraﬁsh circadian clocks [86,87]. The zebraﬁsh also repre-
sents an attractive model for studying clock entrainment by
feeding. In common with other vertebrates, this species shows
food anticipatory activity that appears to be driven by a distinct,
feeding-entrainable oscillator (FEO) [88,89]. Our understanding of
the precise location and function of the vertebrate FEO remains
very much incomplete. The ability of zebraﬁsh to tolerate relatively
long periods of starvation make it particularly well suited for
G. Vatine et al. / FEBS Letters 585 (2011) 1485–1494 1493studying this fascinating aspect of circadian biology. Given all
these advantages, the zebraﬁsh also offers the exciting possibility
to explore how the clock integrates timing information when con-
fronted with multiple zeitgebers [87].
So in many ways a great time to start swimming lessons if you
are a chronobiologist!
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